Free-living thermotolerant amoebae pose a significant health risk to people who soak and swim in habitats suitable for their growth, such as hot springs. In this survey of 23 different hot springs in Yellowstone and Grand Teton National Parks, we used PCR with primer sets specific for Naegleria to detect three sequence types that represent species not previously described, as well as a fourth sequence type identified as the pathogen Naegleria fowleri.
The vahlkampfiid, or free-living, amoebae are found worldwide in soil and aquatic environments, where they live as phagotrophs feeding on bacteria and detritus (3, 6) . Some are thermotolerant and thrive in naturally and artificially heated water in spas, hot springs, stagnant lakes and ponds, rivers, and effluents from power plants. These opportunistic parasites can infect humans and other mammals and cause serious eye or brain infections (8, 17) . Because the amoebae are widely distributed in nature, any warm body of water may harbor the organisms and pose a threat. One thermotolerant amoeba, Naegleria fowleri, causes a rare and potentially fatal meningoenchephalitis, contracted from swimming or bathing in contaminated water (9) . Therefore, it is important to rapidly detect thermotolerant amoebae in hot springs where people swim and bathe because of their possible impact on human health.
Traditional methods of isolation and culturing are timeconsuming and identify only organisms amenable to growth under defined conditions (19) . Even if culturable, most species in the genus Naegleria are morphologically indistinguishable (3) . Furthermore, microbial isolates that grow in the laboratory may not adequately represent organisms found in natural communities (4) . PCR-based approaches for recovery and analysis of rRNA and other gene sequences from the environment provide a relatively rapid means of detection and enhance identification of microorganisms that are not easily distinguished by conventional cultivation and microscopic methods (2) .
Our objective in this study was to determine if hot springs in Yellowstone and Grand Teton National Parks harbor pathogenic amoebae. We used PCR amplification, cloning, and sequencing methods to detect taxonomically informative smalland large-subunit-rRNA internal transcribed spacer (ITS) region sequences of Naegleria from samples collected in the parks.
MATERIALS AND METHODS
Sample collection. The sampling sites were located in Yellowstone and Grand Teton National Parks, in warm water pools and hot springs or sites where heated water flowed into freshwater streams ( Table 1) .
The types of samples collected varied considerably from site to site and included sediments, algal mats, or biofilm scrapings of rock surfaces. Approximately 5 ml of material from at least five sampling locations at each hot pool or stream was collected by using a clean metal spatula. The samples were placed into 50-ml sterile centrifuge tubes, and approximately 30 ml of water from the hot pool or stream was added to the tube. The samples were immediately placed on dry ice and kept frozen until further processing.
In the laboratory, the samples were thawed at room temperature, vortexed vigorously, and centrifuged at 2,000 ϫ g to pellet the material. Supernatant fluids were saved for pH measurements. The pellets were suspended by vortexing in 2 ml of saved supernatant fluids. One milliliter of each resuspended sample solution was placed in 2-ml screw-cap microcentrifuge tubes and mixed vigorously with 1 ml of a 1:1 mixture of absolute ethanol and 10 mM Tris-HCl (pH 7.5)-10 mM NaCl-1 mM EDTA (pH 8). The samples were stored at Ϫ20°C.
For remote sampling sites, where transport of dry ice was not feasible, the following method was used. Sediment or algal mat samples were collected to fill about one-half the volume of 2-ml sterile screw-cap microcentrifuge tubes, each containing 1 ml of a 1:1 mixture of absolute ethanol and 10 mM Tris-HCl (pH 7.5)-10 mM NaCl-1 mM EDTA (pH 8). The samples were shaken vigorously, kept at ambient temperature, returned to the laboratory, and stored at Ϫ20°C.
Nucleic acid extraction and amplification. DNA was extracted as previously described (14) . The quantity and yield of DNA were visualized with UV light on 1% agarose gels in 1ϫ Tris-borate-EDTA buffer (50 mM Tris-HCl, 50 mM boric acid, 1 mM EDTA) containing ethidium bromide and a 100-bp DNA ladder (Promega Corporation, Fitchburg, Wis.) as a standard.
PCR amplification was performed according to the manufacturer's instructions by using a Taq Gold DNA polymerase kit (Applied Biosystems, Foster City, Calif.) and a deoxynucleoside triphosphate mix (Promega).
Two primer sets were used in this study. One set, referred to as the ITS primer set, 5Ј-GAACCTGCGTAGGGATCATTT-3Ј and 5Ј-TTTCTTTTCCTCCCCTT ATTA-3Ј, complements sites on the 18S rRNA gene adjacent to the ITS-1 region and on the 23S rRNA gene approximately 70 nucleotides from the ITS region (10) . This region includes a contiguous segment containing an ITS-1 region that is highly variable in length and nucleotide sequence, followed by a 5.8S rRNA gene that is relatively conserved in length and nucleotide sequence, followed by an ITS-2 region that is highly variable in length and nucleotide sequence. This set yields a PCR product that includes the ITS-1, 5.8S rRNA gene, and ITS-2 regions.
A second primer set specific for N. fowleri, FW, 5Ј-GTGAAAACCTTTTTT CCATTTACA-3Ј and 5Ј-AAATAAAAGATTGACCATTTGAAA-3Ј, complements sites in the ITS-1 and ITS-2 regions (10).
Reaction conditions for both primer sets were 95°C for 5 min, followed by 30 cycles of 95°C for 15 s, 55°C for 90 s, 72°C for 90 s, and an extension at 72°C for 10 min.
DNA from an N. fowleri isolate (American Type Culture Collection accession number 30863) was extracted as described above and used as a positive control for all PCRs. Clone library construction. PCR amplicons were cloned with a TA cloning kit by using pCR2.1-TOPO and Escherichia coli TOP10 competent cells (Invitrogen, Carlsbad, Calif.) to produce libraries (18) . Individual colonies were selected, and their plasmids were extracted by using the Promega Plus SV miniprep DNA purification system. The plasmids were assayed for inserts by restriction digestion according to the directions in the TA cloning kit.
Sequencing and phylogenetic analysis. Plasmid inserts were sequenced by using M13 forward and M13 reverse primers with an ABI Prism BigDye Terminator reaction kit and an ABI 310 DNA sequencer (Applied Biosystems).
The cloned sequences were compared to a current database of genetic sequences (GenBank) by using BLAST (1). The sequences were aligned by using Sequencher 3.1.1 (Gene Codes Corporation, Ann Arbor, Mich.) and Clustal X (5). A phylogenetic tree illustrating the relationships of the Yellowstone and Grand Teton National Park sequence types to each other and to the sequences of cultivated Naegleria spp. was constructed by using the neighbor-joining algorithm (13) within PAUP* 4.0b8 (16) with distance correction set to the Kimura two-parameter model (7) . The tree included nucleotides corresponding to the complete ITS-1 (42 nucleotides) region and 5.8S rRNA gene (175 nucleotides) and the first 32 nucleotides of the ITS-2 region of N. fowleri G1-3-e3a (GenBank accession number AJ132019). In some cases, the ITS-1 sequences of the reference Naegleria spp. were much longer than our sequences of interest. These regions were not used in constructing the tree since they were nonhomologous and, in our analyses, could not be unambiguously aligned. Similarly, a large portion of the ITS-2 region of each sequence was not used to generate the tree. Small gaps of 1 to 4 nucleotides were present in the alignments and occurred between regions of high homology. These gaps were interpreted as real deletion or insertion events that represent divergence between sequences. They were included in the tree analysis.
This project was conducted under the direction of the Yellowstone Center for Resources following the guidelines for research in Yellowstone National Park.
Nucleotide sequence accession numbers. All rDNA sequences from the clone libraries were deposited in GenBank (accession numbers AY274812, AY274813, and AY274814).
RESULTS AND DISCUSSION
We used molecular techniques to survey for Naegleria from 23 different aquatic geothermal sites in Yellowstone and Grand Teton National Parks. Temperatures and pH ranged from 3 to 41°C and 2.2 to 8.3, respectively (Table 1) . PCR amplifications were performed on 81 samples with the ITS and FW primer sets. Eleven of the sites yielded PCR products with the ITS primer set. The Boiling River site was the only site that yielded a PCR product with both primer sets. We prepared rDNA PCR clone libraries for each of these products. Seventyfive ITS clones and nine FW clones were sequenced (Table 2) .
Four different Naegleria-like sequence types were detected. These were designated types AGS3-1, ANC11-1, AHHS4-1, and AUPC1-8. Type ASG3-1 was identical to the cultivated N. fowleri G1-3-e3a strain (GenBank accession number AJ132019) over the entire ITS-1 region, 5.8S rRNA gene, and ITS-2 region.
When BLAST searches were performed with the entire ITS-1 region, 5.8s rRNA gene, and ITS-2 region of the remaining three sequence types, only the 5.8S rRNA gene portion of the sequences matched sequences in the database. BLAST searches using only the ITS-1 or ITS-2 regions did not return results indicating high homology to other ITS-1 or ITS-2 sequences in the database. Based on 5.8S rRNA gene sequences, the ANC11-1 type was most similar (ϳ98%) to N. sturti (Y10195) and N. niuginiensis (Y10193). The AHHS1-4 sequence type was most similar (ϳ91%) to N. fowleri (AJ132028) and N. carteri (Y10191). The AUPC1-8 sequence type was represented by a single clone and was most similar (ϳ98%) to AHHS1-4.
A phylogenetic tree based on the ITS-1 and 5.8S rRNA gene regions and approximately the first 30 nucleotides of the ITS-2 region was constructed to illustrate the relationships of the Yellowstone and Grand Teton National Park cloned sequence types to each other and to the sequences of cultivated Naegleria spp. (Fig. 1) . As discussed above, the ASG3-1 sequence type matched that of N. fowleri (AJ132019). The ANC11-1 sequence formed a clade with N. sturti, N. niuginiensis, and N. morganensis, but bootstrap values for its inclusion were low. The AHHS1-4 and AUPC1-8 sequences formed a clade with high bootstrap support. These results suggest that the organisms harboring the sequence types ANC11-1, AHHS1-4, and AUPC1-8 are not represented in the database by known a The number of clones for ASG3-1 was determined by using the FW primer set. For all other types, the ITS primer set was used.
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Naegleria species. Thus, the exact phylogenetic relationships of these types with other Naegleria species are unclear. The ANC11-1 sequence (GenBank accession number AY267537) was previously identified as a possible new species in our study of cloned ITS region sequences at a low-pH site (Nymph Creek) (14) . The sequence was detected again at Nymph Creek and at additional sites in this study (Table 2) . A total of 17 clones contained the ANC11-1 sequence type. This sequence was the most prevalent type (10 of 13 clones) in the low-pH Nymph Creek site and in the Madison Campground site (4 of 5 clones), where the pH was 6.7. Its abundance in this nearly neutral pH site suggests that the organism harboring this sequence is not limited to low-pH springs.
The AHHS1-4 sequence type was detected in every sample FIG. 1. Neighbor-joining analysis using the 5.8S rRNA gene sequences and portions of the adjacent ITS-1 and ITS-2 regions of Naegleria species from GenBank and those PCR-amplified from bulk DNA extracted from hot springs in Yellowstone and Grand Teton National Parks. The tree was generated by using PAUP*, distances were calculated by using the Kimura two-parameter model, and bootstrap values of Ͼ50% are indicated. YNP, Yellowstone National Park. that yielded a PCR product (Table 2 ). This type was the most abundant sequence in 8 of 10 clone libraries and was the most frequent clone detected overall (54 of 75 clones). It occurred over a wide pH range. This finding suggests that this sequence type may represent a particularly abundant species in the parks' geothermal features. Because of its prevalence and the potential for some Naegleria spp. to cause infections, obtaining isolates and assessing the virulence of the organism harboring this sequence type are of particular interest. The ASG3-1 sequence (an N. fowleri-like sequence) was rare among the clones detected with the ITS primer set. It was retrieved from two clones from the Seismic Geyser site and from one clone from the Mallard Lake Trail site. In contrast, the ASG3-1 sequence was the only sequence detected by using the N. fowleri-specific FW primer set. All the ASG3-1 sequences detected by using the FW primer set (a total of nine) were retrieved from the Boiling River site, which was the only site that yielded a PCR product with the FW primer set. The detection of this N. fowleri sequence in the low-pH Mallard Lake site suggests that the organism harboring this sequence can tolerate low-pH environments.
We found seven instances with unique sequences represented by single clones. In all but one case (see below), these unique sequences were Ͻ1.0% different from one another or from the defined sequence types (ASG3-1, ANC11-1, or AHHS4-1) over their entire ITS regions. Studies have shown that such sequence microvariation is inherent in a PCR-amplification-cloning-sequencing approach to microbial community analysis (11, 15) . The best evidence that a cloned sequence from an environmental sample is not an artifact is its repeated detection in clone libraries from different sites or its identical match to a cultivated strain. In this study, unique clones with Ͻ1% sequence differences from definite sequence types were included as part of the defined group. One sequence, AUPC1-8, represented by a single clone, was Ͼ1.0% different (98% similar over the 5.8S rRNA gene sequence) from the AHHS4-1 sequence type. Since this degree of variation falls outside that exhibited by other unique clones in this study, we do not consider this to be a methodological artifact.
The ASG3-1 sequence type matches a known pathogenic species, N. fowleri. This implies that N. fowleri is present in the Boiling River, Seismic Geyser, and Mallard Lake Trail sites. However, only the Boiling River site yielded a PCR product with the N. fowleri-specific (FW) primer set. This finding is inconsistent with the detection of N. fowleri (ASG3-1) sequences from the Seismic Geyser and Mallard Lake Trail sites with the ITS primer set, since the ITS-generated clones contained regions complementary to the FW primers. Similarly, the absence of the ASG3-1 type in the Boiling River ITS clone library was inconsistent with the detection of the ASG3-1 type at this site with the FW primer set. These inconsistencies may reflect variability in sample composition, the presence of inhibitory substances in the DNA preparations, or suboptimal PCR conditions for some samples.
There are few reported studies of the occurrence of Naegleria species, other than N. fowleri, from continents besides Europe and Australia (3) . A previous survey of Naegleria-like amoebae in hot springs in Yellowstone and Grand Teton National Parks utilized cultivation and microscopy approaches for detection, identification, and determination of virulence (12).
Ramaley et al. (12) found thermotolerant amoebae in numerous hot springs and runoff channels in the parks and surrounding areas. Naegleria species isolates accounted for almost half of the amoebae observed. Although no pathogenic isolates of N. fowleri were found in the study, isolates of N. australiensis that were virulent in mice were identified and verified by using isoenzyme analysis. No amoebae were isolated from acidic springs in their study.
Our study is the first to use a PCR-based approach to document the presence of N. fowleri, as well as Naegleria sequence types not previously described, in a variety of aquatic geothermal sites found in Yellowstone and Grand Teton National Parks. Three of the four sequence types detected were not represented by cultivated species in GenBank. When considered with the Ramaley et al. study, our results provide evidence that thermotolerant amoebae, including N. fowleri, are not transient organisms but thrive in some hot springs. These amoebae may pose health risks to people who use the hot springs for recreation.
